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Deletion of oligosaccharide side chains near the receptor binding site of influenza virus A/USSR/90/77
(H1N1) hemagglutinin (HA) enhanced the binding of HA to erythrocyte receptors, as was also observed with
A/FPV/Rostock/34 (H7N1). Correlated with the enhancement of binding activity, the cell fusion activity of HA
was reduced. A mutant HA in which three oligosaccharide side chains were deleted showed the highest level of
binding and the lowest level of fusion among the HAs tested. The cell fusion activity of the oligosaccharide
deletion mutant of HA, however, was drastically elevated when the binding activity was reduced by deletion of
four amino acids adjacent to the receptor binding site. Thus, a reciprocal relationship was observed between
the receptor binding and the cell fusion activities of H1/USSR HA. No difference was observed, however, in lipid
mixing activity, so-called hemifusion, between wild-type (WT) and oligosaccharide deletion mutant HAs.
Soluble dye transfer testing showed that even the HA with the lowest cell fusion activity was able to form fusion
pores through which a small molecule such as calcein could pass. However, electron microscopic studies
revealed that a large molecule such as hemoglobin hardly passed through the fusion pores formed by the
mutant HA, whereas hemoglobin did efficiently pass through those formed by the WT HA. These results
suggested that interference in the process of dilation of fusion pores occurs when the binding of HA to the
receptor is too tight. Since the viral nucleocapsid is far larger than hemoglobin, appropriate receptor binding
affinity is important for virus entry.

Influenza virus hemagglutinin (HA) mediates virus entry
into a host cell through two functions, receptor binding and
membrane fusion. HA is a homotrimeric transmembrane pro-
tein with an ectodomain composed of a globular head and a
stem (26). The receptor binding site is located in the head
region, while the fusion site is carried by the stem region.
Proteolytic cleavage of HA into the HA1 and HA2 subunits is
a prerequisite for fusion activity, and cleaved HA mediates
membrane fusion under acidic conditions (11, 22, 25).

The HA1 and HA2 subunits are functionally specialized;
HA1 binds to cellular receptors, and HA2 mediates membrane
fusion. It is generally accepted that HA1 and HA2 are func-
tionally independent of each other; for example, H7/Rostock
HA-expressing cells show high cell fusion activity even when
receptor binding activity is not detectable (16). Epand et al. (8)
and Leikina et al. (12) showed that, in the absence of HA1, the
ectodomain of HA2 promotes lipid mixing between liposomes
and cell-cell hemifusion (fusion of outer leaflets of lipid bilayer
membranes), respectively.

On the other hand, there are several reports indicating that
HA1 is important for the function of HA2. The fusion-active
form of HA2 is believed to be maintained by a structural
constraint of the HA1 region (3, 4, 5). Ramalho-Santos and
Pedriso de Lima (21) proposed that receptor binding activity
plays an essential role in the hemifusion process. Thus, the
relationship between receptor binding and fusion activities re-
mains debatable and requires resolution.

To examine whether the binding activity of HA1 affects the
fusion activity of HA2, it is necessary to artificially manipulate
the binding activity of HA1. As previously described, the bind-
ing activity of HA can be elevated by deletion of glycosylation
sites near the receptor binding pocket of HA (17). In the
present study, we made various oligosaccharide deletion mu-
tants of H1/USSR HA which show various degrees of receptor
binding activities and compared their cell fusion activities. We
found that the higher the binding activity of the HAs, the lower
the fusion activity. In the present report, we show that the
decrease in fusion activity is directly caused by the increase in
binding activity and that the tight binding of HA to receptors
can interfere with the fusion pore dilation process.

MATERIALS AND METHODS

cDNAs of HA and site-specific mutagenesis. cDNAs encoding wild-type (WT)
and mutant HAs from influenza virus A/FPV/Rostock/34 (H7N1) were sub-
cloned by using the BamHI site in simian virus 40 (SV40) expression vector
pA11SVL3 (16). The cDNA of HA from influenza virus A/USSR/90/77 (H1N1)
was provided by E. Nobusawa of Nagoya City University. Site-specific mutagen-
esis of H1/USSR HA was done by using an M13 system and a Skulptur mu-
tagenesis kit (Amersham, London, United Kingdom). To delete the glycosylation
sites at amino acids (aa) 87 and 131, Thr at aa 89 and 129 was replaced with Ala,
and for the sites at aa 155 and 160, Ser at aa 157 and Asn at aa 160 were replaced
with Val and Asp, respectively. cDNAs of the WT and 15 mutants were sub-
cloned into SV40 expression vectors and transfected into CV-1 cells, an estab-
lished monkey kidney cell line. HA-SV40 recombinants were prepared as de-
scribed previously (16, 19) and used for the expression of mutant HAs. The
cDNAs in the SV40 expression vectors were transfected into CV-1 cells with the
DNA of a helper virus, and HA-SV40 recombinants were recovered by freezing-
thawing of transfected cells.

Expression of HAs in CV-1 cells. After infection with HA-SV40 recombinants,
CV-1 cells were incubated in Dulbecco’s minimum essential medium (DMEM)
supplemented with 5% fetal calf serum at 37°C for 2 days. To detect HA protein,
the HA-expressing cells in a six-well plate (35-mm diameter per well; Simitomo
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Beklite, Tokyo, Japan) were labeled with 25 �Ci of [35S]methionine in 1 ml of
methionine-free DMEM for 2 h, chased for 1 h, and then solubilized in radio-
immunoprecipitation assay buffer. HA was precipitated with anti-A/USSR/90/77
rabbit serum and protein A–Sepharose CL-4B (Sigma) and analyzed by poly-
acrylamide gel electrophoresis (PAGE) with precast gradient gels (PAGEL;
Atto, Tokyo, Japan). The results were analyzed with a BAS-2000 II (Fuji Photo
Film Co., Tokyo, Japan) bioimaging analyzer.

Digestion with endo H and N-glycosidase F. HA-expressing cells were labeled
with [35S]methionine as described above. After the chase, HA on the cell surface
was treated with trypsin (10 �g/ml, 37°C, 15 min), and the cells were solubilized
in radioimmunoprecipitation assay buffer. HA was recovered by immunoprecipi-
tation and denatured at 95°C for 3 min in 50 mM phosphate buffer (pH 7.0)
containing 1.0% sodium dodecyl sulfate (SDS) and 0.5% �-mercaptoethanol.
After excess SDS was blocked with Triton X-100 (final concentration, 1%), HA
was digested with endoglycosidase H (endo H) and N-glycosidase F (Boehringer

FIG. 1. WT HA of the A/USSR/90/77 strain and its mutants that were examined for biological activities. Glycosylation sites near the receptor
binding site of influenza virus A/USSR/90/77 (subtype H1) HA were deleted through site-directed mutagenesis. Mutant HAs that were expressed
as efficiently as WT HA are listed schematically. For the naming of the mutants, refer to the text.

FIG. 2. Expression and transport of WT and mutant HAs in CV-1
cells. HA-expressing CV-1 cells were labeled with [35S]methionine at
37°C for 2 h, chased for 1 h, and treated with trypsin to cleave the HA
on the cell surface. HA protein was recovered by immunoprecipitation,
subjected to endo H and N-glycosidase F digestion, and analyzed by
SDS-PAGE. Representative data are shown here. Lanes H, after endo
H digestion. Lanes F, after N-glycosidase F digestion. Lanes non, not
digested.

FIG. 3. Mobility of WT and mutant HAs in SDS-PAGE. [35S]me-
thionine-labeled HAs were recovered by immunoprecipitation and
subjected to PAGE. The mobility of each HA protein in PAGE was
analyzed with a BAS-2000 II bioimaging analyzer, and the densitomet-
ric patterns were combined.
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Mannheim, Mannheim, Germany) at a concentration of 0.1 mU/�l and 0.1 U/�l,
respectively, for 6 h at 37°C and then analyzed by PAGE.

Immunofluorescence staining of HA-expressing cells. CV-1 cells were seeded
on a Nunc Lab-Tek chamber slide and infected with HA-SV40 recombinants. At
48 h postinfection (p.i.), the cells were fixed with 1% paraformaldehyde in
phosphate-buffered saline (PBS) and stained by indirect methods with anti-A/
USSR/90/77 hyperimmune rabbit serum, biotinylated anti-rabbit immunoglobu-
lin G donkey serum, and streptavidin-fluorescein (Amersham).

For flow cytometric analysis, HA-expressing CV-1 cells were detached from
culture dishes by EDTA and trypsin treatments and fixed with 2% paraformal-
dehyde in PBS for 15 min at room temperature. Cells were washed with 2%
glycine in PBS and incubated with fluorescein isothiocyanate-conjugated anti-A/
USSR/90/77 goat immunoglobulin G (Biogenesis) for 1 h at 37°C. Cells were
then resuspended in 1 ml of PBS and subjected to fluorescence-activated cell
sorter (FACS) (Becton Dickinson) analysis.

Hemadsorption test. CV-1 cells in the six-well plate (35-mm diameter per well)
were infected with HA-SV40 recombinants. At 2 days p.i., the HA-expressing
cells were treated with Vibrio cholerae neuraminidase (VCNA) (test neuramin-
idase; Boehring Institut, Marburg, Germany) as described previously (16), and
then a freshly prepared guinea pig erythrocyte suspension was added to the
pretreated cell culture. Unbound erythrocytes were removed by rinsing the
culture with an excess of PBS containing Mg and Ca ions. For quantification of
hemadsorption, the erythrocytes bound to the cell surface were hemolyzed with
0.5 ml of distilled water, the lysate was clarified by centrifugation at 10,000 � g
for 1 min, and the optical density of released hemoglobin was measured at 575
nm.

Release kinetics test. The affinity of the binding of HA to cellular receptors
was evaluated by measuring the kinetics of release of erythrocytes in the presence
of VCNA as follows. Hemadsorption testing was done as described above, 20 mU
of VCNA in 2 ml of PBS containing Mg and Ca ions was added to the culture,
and then the culture was incubated at 37°C for 0 to 120 min. Released erythro-
cytes were collected by a brief centrifugation and hemolyzed with 0.5 ml of
distilled water. Erythrocytes remaining on the HA-expressing cells after incuba-
tion with VCNA were also hemolyzed with 0.5 ml of distilled water. The hemo-
globin level in each sample was assayed as described above.

Cell fusion test. HA-expressing CV-1 cells were treated with trypsin (final
concentration, 10 �g per ml) for 15 min at 37°C for the cleavage activation of HA
and then were treated with acidic RPMI 1640 medium (pH 4.8) for 5 min at 37°C
to trigger a fusion reaction. The medium was changed to neutral DMEM con-
taining 5% fetal calf serum, and the cell culture was incubated for 4 h. Next, the
cells were fixed with ethanol and stained with Giemsa solution, and the number
of cells involved in fusion was determined by counting nuclei in syncytia. The
number of HA-expressing cells was estimated by counting hemadsorption-posi-
tive cells under a microscope after hemadsorption testing. The specific fusion

FIG. 4. Kinetics of erythrocyte release from HA-expressing cells by
VCNA treatment. After hemadsorption, monolayers were incubated at
37°C with 20 mU of VCNA in 2 ml of PBS containing Mg and Ca ions.
Released and remaining erythrocytes were evaluated by measuring the
optical density of hemoglobin after hemolysis. H7 GG1,2, oligosaccha-
ride-deleted mutant HA which shows higher binding activity than H7
WT (17).

FIG. 5. Cell fusion activities of WT and mutant HAs (A) and relationship between fusion and binding activities (B). Specific cell fusion activity
was expressed as a fusion index, that is, the number of cells involved in fusion divided by the number of HA-expressing cells. The binding activity
of HA was expressed as the percentage of erythrocytes remaining on HA-expressing cells after 2 h of incubation with VCNA.
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activity of each mutant HA was expressed as the fusion index, which is the total
number of nuclei in syncytia per microscopic field divided by the number of
hemadsorption-positive cells per field, as described previously (18).

Fusion test with R18-labeled or calcein-filled erythrocytes. Guinea pig eryth-
rocytes were labeled with the membrane probe octadecyl rhodamine B (R18;
Molecular Probes, Eugene, Oreg.) or with the aqueous dye calcein-AM (calcein;
Molecular Probes) for 30 min at 37°C as described previously (18). After removal
of excess R18 or calcein by repeated centrifugations, the erythrocytes were used
for fusion tests. Trypsin-pretreated HA-expressing cells were subjected to he-
madsorption testing with R18-labeled or calcein-filled erythrocytes; after wash-
ing, unbound erythrocyte fusion testing was carried out as described above. At 10
min after fusion induction, the reaction was stopped by fixing the cells with 1%
chilled paraformaldehyde, and the transfer of R18 or calcein from the labeled
erythrocytes into the HA-expressing cells was examined under a fluorescence
microscope.

We carried out a quantitative evaluation of erythrocytes from which dye
transfer occurred. The fluorescence of calcein-filled erythrocytes was very weak
because of a quenching effect. When the quenching effect was dissolved by dye
transfer into HA-expressing cells, the erythrocytes became more clearly visible
under a fluorescence microscope. To evaluate quantitatively the erythrocytes in
which dequenching occurred, we analyzed the fluorescence intensity of erythro-
cytes by using an IBAS2000 system (Zeiss-Kontron, Eching, Germany). The
intensity was graduated in 255 grades, and grades of 100 or over were scored as
dye transfer positive.

Electron microscopic observations. Samples for electron microscopic obser-
vations were prepared in the same way as described above, except that nonla-
beled erythrocytes were used in place of labeled ones. After the fusion reaction,
hemadsorbing cells were collected by using a rubber policeman, sedimented by
brief centrifugation (300 � g for 3 min), and doubly fixed with 2.5% glutaralde-
hyde in 0.1 M cacodylate buffer (pH 7.3) for 90 min followed by 2.5% OsO4 in
the same buffer. Thin sections were prepared by a previously reported method
(14), stained with both uranyl acetate and lead citrate solutions, and then exam-
ined with a JEM 2000 EX electron microscope.

RESULTS

Expression of WT and oligosaccharide deletion mutant HAs
of the H1/USSR strain. In the vicinity of the receptor binding
site of the H1/USSR HA, there are four potential N glycosyl-
ation sites and thus the possibility of 15 variations in deletion
mutants. All the possible mutants were made by site-directed
mutagenesis and expressed in CV-1 cells through an SV40
expression vector as described in Materials and Methods. The
mutants were named as follows. Glycosylation sites at aa 87,
127, 155, and 160 of the H1/USSR HA were numbered 1, 2, 3,
and 4, respectively; a mutant that lost both site 1 and site 2 was
named �1,2. HA-expressing CV-1 cells were subjected to cell
surface immunostaining without permeabilization. All HAs,
except for the �2,3,4 and �1,2,3,4 mutants, were as efficiently
expressed on the cell surface as was WT HA (data not shown).
The 13 mutant HAs that were efficiently expressed (Fig. 1)
were used for further studies.

To evaluate the intracellular transport of expressed HAs,
HA-expressing cells were labeled with [35S]methionine for 2 h
and chased for 1 h at 2 days p.i. as described in Materials and
Methods. Then, the cell culture was treated with trypsin (10
�g/ml for 10 min at 37°C) to cleave the HA protein that had
accumulated on the cell surfaces. The HA protein was recov-
ered by immunoprecipitation, subjected to endo H and N-
glycosidase F digestion, and then analyzed by PAGE as de-
scribed in Materials and Methods. Representative results are
shown in Fig. 2. No significant differences in the processing of
oligosaccharides, ability to be cleaved, or transport efficiency
were observed between the WT and mutant HAs. The results
of PAGE of the WT HA and the 13 mutant HAs were analyzed
with the BAS-2000 II bioimaging analyzer, and their densito-

metric patterns are combined in Fig. 3. Each deletion of a
glycosylation site caused a slight increase in the electrophoretic
mobility in PAGE, demonstrating that all four sites are used
for glycosylation.

Affinity of binding of HAs to erythrocyte receptors. CV-1
cells expressing the WT HA and the 13 mutant HAs were
subjected to hemadsorption tests with guinea pig erythrocytes.
All the HAs of the H1/USSR strain showed clear hemadsorp-
tion without any pretreatment (data not shown). In a previous
study, it was found that hemadsorption was hardly observed
with H7/Rostock WT HA-expressing CV-1 cells unless the
cells were pretreated with VCNA or viral neuraminidase was
coexpressed (16). The present study demonstrated that the
H1/USSR WT HA did not require neuraminidase to show
hemadsorption activity.

To compare the receptor binding affinities of these HAs, we
examined the kinetics of release of erythrocytes from HA-
expressing cells by VCNA treatment. Erythrocytes were bound
to HA-expressing cells that had been pretreated with VCNA.

FIG. 6. Deletion of four amino acids adjacent to the receptor bind-
ing site and FACS analysis for the levels of cell surface expression of
the mutant and WT HAs. A part of the three-dimensional model of the
H3 HA monomer of Wilson et al. (26) was used to illustrate H1 WT
and mutant HAs. An uninfected CV-1 cell culture was used for mock
infection. FITC, fluorescein isothiocyanate.
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This pretreatment is essential for H7 WT HA to bind eryth-
rocytes. After any unbound erythrocytes were washed away,
erythrocytes were released from HA-expressing cells in the
presence of 20 mU of VCNA in 2 ml of medium at 37°C. The
amounts of erythrocytes released and bound were measured by
hemolysis as described in Materials and Methods. The per-
centage of released erythrocytes was calculated, and the aver-
age of triplicate experimental data for each HA was plotted in
Fig. 4. Erythrocytes bound to the H7 HAs were released very
rapidly, whereas erythrocytes bound to the H1 HAs were re-
leased slowly, demonstrating that the receptor binding affinity
of the H1 HAs is far higher than that of the H7 HAs. Further-
more, the kinetics of the release of H1 HAs varied over a very
wide range that corresponded to oligosaccharide deletions,
whereas those for the H7 HAs varied over a narrow range.
Thus, experiments with H1 HAs are clearly suitable for any
study concerning the relationship between receptor binding
and fusion activities.

As shown in Fig. 4, erythrocytes bound to H1 WT HA were
more efficiently released by VCNA treatment than those
bound to the mutant HAs. In association with the deletion of
oligosaccharides, the release of erythrocytes became more sup-
pressed, indicating that the affinity of binding of HAs to eryth-
rocyte receptors was elevated by the oligosaccharide deletion.
Mutant �1,3,4 showed the highest binding affinity among the
HAs tested. Erythrocytes bound to mutant �1,3,4 were hardly
released by VCNA treatment even after 2 h of incubation.

Cell fusion activity of mutant HAs. In the next experiment,
the specific cell fusion activities of the H1 HAs were assayed.
Triplicate cultures of HA-expressing cells were treated with
trypsin (10 �g per ml) for 15 min at 37°C for the cleavage
activation of HA. One of the cultures was used for hemadsorp-
tion to count HA-expressing cells under a microscope. The

remaining two cultures were treated with an acidic medium to
induce a fusion reaction. The number of fused cells was deter-
mined by counting nuclei in syncytia. The specific fusion activ-
ity was expressed as the fusion index, which is the number of
fused cells divided by the number of hemadsorption-positive
cells. As shown in Fig. 5A, WT HA showed the highest fusion
activity, and the activity became lower in association with the
deletion of oligosaccharides.

The fusion index of each HA was plotted against the per-
centage of erythrocytes remaining on the HA-expressing cells
after 2 h of VCNA treatment, which should reflect HA binding
intensity (Fig. 5B). A reciprocal correlation was obvious be-
tween the receptor binding and the cell fusion activities. How-
ever, there remains the possibility that the low fusion activity of
the mutants was due to a structural instability of HA caused by
the deletion of oligosaccharides; in other words, the elevated
binding intensity might not have been responsible for the de-
crease in fusion activity. In the following experiments, we ex-
amined this possibility.

Recovery of fusion activity by reduction of binding activity.
We tried to reduce the binding activity of mutant �1,3,4, which
showed the highest level of binding to erythrocyte receptors,
without affecting glycosylation sites. It was found that the bind-
ing activity was reduced when four amino acids (aa 138 to
141) adjacent to the receptor binding site were deleted by
site-specific mutagenesis; the resulting mutant was named
�1,3,4del (Fig. 6). Erythrocytes bound to mutant �1,3,4del
were rapidly released by VCNA treatment (Fig. 7a). Then, the
specific fusion activity of �1,3,4del was compared with those of
the WT and �1,3,4. The reduced fusion activity of �1,3,4 was
markedly recovered by deletion of the four amino acids (Fig.
7b), and �1,3,4del now showed the highest fusion activity and
the lowest binding intensity among the HAs tested. To confirm

FIG. 7. Decrease in receptor binding affinity (a) and restoration of cell fusion activity (b) associated with the deletion of four amino acids
(mutant �1,3,4del).
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that the difference in the specific fusion activity was not due to
different levels of expression of the HAs, we assayed cell sur-
face antigen expression levels for these three HAs by FACS
analysis. As shown in Fig. 6, the levels of expression of the HA
antigens were comparable. There still remains the possibility
that the amino acid deletion accidentally compensated for the
instability of HA, which in turn might have been caused by the
oligosaccharide deletion, and that the reduction of binding
activity occurred simultaneously and independently of the re-
covery of fusion activity. However, this possibility is very diffi-
cult to justify and is most improbable. Thus, the above results
demonstrate that the enhanced binding activity was responsi-
ble for the reduced fusion activity.

At which step of the fusion process does interference occur?
The membrane fusion reaction is thought to proceed through
three steps: the first step is lipid mixing of the outer leaflets of
the membrane, so-called hemifusion; the second is fusion pore
formation; and the third is enlargement of the fusion pore (2,
6). In the following experiment, we analyzed at which step of

the fusion reaction interference may occur as a result of the
deletion of oligosaccharides by using mutant �1,3,4, which
showed the lowest cell fusion activity among the HAs tested.

The hemifusion ability of HA was examined by measuring
the transfer of R18-labeled lipid from the erythrocyte mem-
brane to the membrane of HA-expressing cells. WT and �1,3,4
HA-expressing cells were treated with trypsin for the cleavage
activation of HA and overlaid with R18-labeled erythrocytes.
Unbound erythrocytes were washed, and the cells and eryth-
rocytes were treated with acidic medium (pH 4.8) to induce a
fusion reaction. As shown in Fig. 8, R18-labeled lipid was
transferred from the erythrocyte membrane to the membrane
of mutant �1,3,4 HA-expressing cells as well as to that of WT
HA-expressing cells. No difference in hemifusion activity was
detected between the two HAs.

Next, we examined the second step of the fusion reaction,
namely, fusion pore formation, with the two HAs. Fresh guinea
pig erythrocytes filled with calcein were laid over HA-express-
ing cells and treated with a low pH as described above. Calcein
transfer occurred in mutant HA-expressing cells in a manner
similar to that seen for WT HA-expressing cells (Fig. 8). This
result indicated that fusion pores were formed with the mutant
HA. However, it appeared that fewer target cells were stained
with calcein in panel �1,3,4 of Fig. 8 and that the staining was
less intense.

We next tried to quantitatively evaluate the erythrocytes in
which calcein transfer occurred. When the fusion pore was
formed between the erythrocyte and the HA-expressing cell,
calcein should have been transferred to the cell and the
quenching effect should have been dissolved. Thus, erythro-
cytes with fusion pores should be clearly detectable by flu-
orescence microscopy. The fluorescence intensity of eryth-
rocytes bound to HA-expressing cells was analyzed by using an
IBAS2000 system as described in Materials and Methods. Totals
of 47.2% of 2,301 erythrocytes bound to the WT and 27.6% of
2,793 erythrocytes bound to the mutant were scored as dye trans-
fer positive. This result indicated that the efficiency of pore for-
mation was 1.71-fold higher with the WT than with the mutant.

FIG. 8. Hemifusion activity and fusion pore formation assayed with
labeled lipid R18 and soluble dye calcein. WT and mutant �1,3,4
HA-expressing cells were subjected to hemadsorption with R18- and
calcein-labeled erythrocytes, respectively, and the fusion reaction was
triggered by acidification. As a control, fusion was triggered with a
neutral medium.

FIG. 9. Erythrocytes bound to HA-expressing cells after triggering
of the fusion reaction. Erythrocytes and cells were observed through a
phase-contrast microscope after triggering of the fusion reaction.
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However, under phase-contrast microscopy, most of the
erythrocytes bound to the WT seemed to have been altered in
form and brightness after the acid treatment, whereas those
bound to the mutant remained unchanged (Fig. 9). From this
observation, we postulated that hemoglobin may be trans-
ferred from erythrocytes to WT HA-expressing cells. To ex-
amine hemoglobin transfer from erythrocytes to cells, acid-
treated specimens were subjected to electron microscopic
observations. Erythrocytes bound to WT HA-expressing
cells showed a low density, whereas erythrocytes bound to
mutant HA-expressing cells showed a high density (repre-
sentative images are shown in Fig. 10). Since there was no
detectable hemoglobin in the culture fluid under these con-
ditions (data not shown), the images demonstrate that the
WT HA made a large pore between the erythrocyte and the
cell through which hemoglobin could easily pass, whereas
the pore made by the mutant HA was not large enough for
hemoglobin to pass through. From these observations, we
conclude that it is likely that interference with dilation of
the fusion pore occurs when the binding intensity of HA is
too high. Since the viral nucleocapsid is larger than hemo-
globin, this interference is a major problem for virus entry
into cells.

DISCUSSION

The present study confirmed the concept that the oligosac-
charide side chains near the receptor binding site of HA con-
trol the affinity of binding of HA to cellular receptors; this

concept was originally proposed from studies with H7/Rostock
HA (16, 17, 24). In the present study, we found that there is a
reciprocal relationship between the receptor binding and the
fusion activities of H1/USSR HA. Such a relationship was not
observed with the H7/Rostock WT and mutant HAs. This
difference may be due to the fact that the absolute receptor
binding activity of the H7 HAs was far lower than that of the
H1 HAs (Fig. 4). Even the receptor binding of the H7 HA
oligosaccharide deletion mutants may not be so tight as to
interfere with the fusion reaction. Moreover, the difference in
the VCNA release kinetics between H7 WT and mutant HAs
was not as evident as that observed with the H1 HAs. These
factors may explain why a reciprocal relationship was not ob-
served with the H7 HAs. However, we found a similar rela-
tionship between the H1 WT and H7 WT HAs; that is, the
specific fusion activity expressed as a fusion index was far
higher with the H7 HA than with the H1 HA (19). Hence,
there was a reciprocal relationship beyond the HA strains.
Thus, the oligosaccharides near the receptor binding site could
function to enhance fusion activity by regulating the receptor
binding affinity of the H1 HAs.

It is generally accepted that sideways relocation of the glob-
ular subunits of HA1 from the top of the HA molecule is
required for fusion activity (9, 10). From this point of view, we
at first thought that such relocation of HA1 would be hindered
when HA1 was bound tightly to receptors of the target cell.
However, hemifusion and fusion pore formation were ob-
served even in mutant �1,3,4, which showed the lowest cell

FIG. 10. Electron microscopic observation of erythrocytes and HA-expressing cells after triggering of the fusion reaction.
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fusion activity, indicating that the relocation of HA1 might
take place even with that mutant. No difference was detected
between the mutant and the WT with respect to hemifusion.
However, the efficiency of fusion pore formation was found to
be 1.71-fold lower in mutant �1,3,4, than in the WT. Although
a low efficiency of pore formation might be one of the reasons
for the low cell fusion activity of the mutant, it was not low
enough to be the sole explanation for the low activity of this
mutant. Since the cell fusion activity of the mutant was lower
than that of the WT by less than 1/30, another process after
pore formation could be hindered. Electron microscopic stud-
ies showed that hemoglobin might have poured into the cyto-
plasm of WT HA-expressing cells through the pores formed by
the WT, whereas hemoglobin might have hardly passed
through the pores formed by mutant �1,3,4. From these ob-
servations, we concluded that HA-receptor binding that is too
tight interferes with the enlargement of fusion pores.

Many studies have been published concerning the relation-
ship between HA binding and fusion activities (1, 7, 12, 13, 15,
20, 21, 23), and most indicate that the binding of HA to re-
ceptors is necessary for an efficient fusion reaction. The ques-
tion is whether this concept is inconsistent with our conclusions
from the present study. Data other than ours have shown that
the binding of HA aids hemifusion (and, in some studies, pore
formation as well) by mediating membrane contact. On the
other hand, in the present study, we demonstrated that the
tight binding of HA to receptors interfered with a rather late

stage of fusion, that is, the enlargement of fusion pores. More-
over, in our system, HA-expressing cells are originally adhered
to with neighboring cells in a confluent monolayer cell culture.
Therefore, this system would not be suitable for examining
whether HA needs to bind to target cell membranes to initiate
the fusion process. From these results, we conclude that it is
likely that tight connections of HA and receptors act positively
on hemifusion (and perhaps do so until pore formation) but
act negatively on pore dilation. Thus, it may be very important
for HA to adjust its binding activity to satisfy the above de-
mand. Since an amino acid exchange in the receptor binding
site may cause a drastic change in binding activity (as shown in
Fig. 7) and sometimes spoil the activity itself, the control of
binding activity by oligosaccharide side chains is important for
the delicate adjustment of binding intensity.

We propose a hypothesis to answer the question of how the
tight binding of HA to receptors interferes with fusion pore
dilation. Since an HA spike has trivalent binding sites and
receptor molecules have mostly multiple sialotermini, HA
spikes could cross-link receptor molecules, as schematically
illustrated in Fig. 11. If HAs tightly cross-link receptor mole-
cules surrounding a fusion pore, like a hoop, pore dilation
might well be inhibited. If the hoop is very small, then inter-
ference with calcein transfer might also occur; otherwise, only
hemoglobin transfer would be affected. If the hoop is incom-
plete, hemoglobin transfer would be permitted; in other words,
pore dilation would occur.
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